Abstract A fundamental limit to the gravure printing process is in the doctoring step, in which a residual film defines the lower bound on allowable feature size. The resolution of finer features requires thin residual films, but these thin films increase the likelihood of wearing the doctor blades. A computational model was used to study the effect of blade-tip shape on residual film thickness while also minimizing the likelihood of wear. The blade-tip shape is altered by varying the bevel angles and the predicted film thickness is computed under various wiping speeds, configurations, and applied forces. In all cases studied, a slower wiping speed resulted in a thinner residual film, which is due to the doctoring step being governed by elastohydrodynamic lubrication. In some cases, a reversal of the wiping configuration created a thinner film, but it had no impact on the likelihood of wearing. Higher applied force leads to thinner residual film but the blade shape can have a more significant influence, indicating that lubrication forces dominate at this scale. Lastly, the likelihood of blade wear was predicted to vary within a small range for a fixed blade-tip shape over all conditions studied, which suggests that tip shape is the primary factor to consider when minimizing blade wear.
Introduction
Printed electronics, or the application of traditional printing techniques to the production of electronics devices, is a viable way to produce large-area, low-cost electronics on flexible substrates. [1] [2] [3] [4] Gravure printing is one such technique that has garnered much interest from this industry due to its high-throughput and high resolution. [5] [6] [7] [8] [9] [10] [11] The resolution of sub 5-lm printed features has been reported at speeds exceeding 1 m/s, which shows a significant advantage over other printing techniques. [12] [13] [14] [15] Recent advances have pushed gravure printing to a resolution of sub 2-lm features, further demonstrating the viability of this technique for highperforming electronic devices. 16 However, if gravure printing is to compete with current state-of-the-art semiconductor fabrication and nanomanufacturing techniques, sub-micron resolution of features is required.
Gravure printing is a contact printing technique with pattern being defined by recessed cells in a printing cylinder or plate. As depicted in Fig. 1a , the process consists of four steps: residual film at any thickness can lead to short circuits that render electronic systems inoperable. Residual film is also detrimental in the products with less stringent resolution requirements such as optical films in which the residue produces a visible defect known as hazing.
Ideally, reduction of residual film should lead to zero thickness. However, this will increase the likelihood of solid-solid contact between the doctor blade and printing plate, resulting in blade wear and possibly damage to the printing plate. Therefore, an optimal doctoring process requires a balance between minimizing residual film thicknesses and minimizing solidsolid contact. The subsequent step, the transfer of ink onto a substrate, is also critical in obtaining defect-free printing as poor transfer leads to defects. Challenges presented by this step have been addressed by Kumar. 18 Kitsomboonloha and Subramanian 17 studied limits of the doctoring process with experiments and reduced-order mathematical models. Their setup consisted of motorized linear stage, pneumatic actuators, a silicon printing plate, and doctor blade. The actuators applied a force on the blade directed toward the printing plate as shown in Fig. 1b . This configuration had been chosen to allow the precise study of thin residual films, and the results from such silicon printing plates carry over to metal-based rolls suitable for highspeed roll-to-roll printing. 12 They were able to reduce residual films to sub-micron thicknesses over a wide range of material properties and operating conditions, including ink viscosity, applied force, and wiping speed. They reported that this process is governed by elastohydrodynamic lubrication, 19 a regime in which high liquid pressure deforms the solids that bound the lubrication film.
One characteristic of elastohydrodynamic lubrication is that slower wiping speeds produce thinner films. 19 The trend was also observed by Pranckh and Scriven 20 in flexible blade coating in which they reported a decrease of film thickness with decreasing elasticity number. They defined the elasticity number as ratio of viscous to elastic force, which in their study was on the order of 10 À3 . These values are five orders of magnitude higher than in gravure printing due to difference in the blade materials. Pranckh and Scriven's analysis uses a more flexible blade and consequently results in much thicker film (order of 10 lm) than the sub-micron thicknesses obtained by Kitsomboonloha and Subramanian.
Hariprasad et al. 21 developed a computational model that sought to reproduce the experimental observations of Kitsomboonloha and Subramanian. 17 The model consisted of a coupling between solid mechanics of the deformable blade and lubrication flow in the gap between the blade and the printing plate. They demonstrated that deformation of the blade occurs at multiple scales due to two primary driving forces: (1) the applied force at the top of blade and (2) the fluid-structure interaction pressure in the lubrication gap. In the process of validating the model, they discovered that residual film thickness is highly sensitive to blade-tip shape. In addition to resolving the solid mechanics of the blade and lubrication flow in the gap, the model required the suitable choice of blade-tip shape in order to reproduce the experimental trends of Kitsomboonloha and Subramanian. In this paper, we continue the work of Hariprasad et al. 21 by employing the computational model to study the effect of blade-tip shape in reducing residual film thicknesses while minimizing blade wear. In ''Model and numerical methods'' we briefly summarize the model and numerical methods employed, and in ''Results and discussion'' we report our prediction of effect of blade shape at different wiping speed, directions, and applied forces. Step 1
Step 2
Step 3
Step 4 21 The model captures both the deformation of the blade tip due to high lubrication pressure in the gap, so-called elastohydrodynamic lubrication, 19 and the deformation (bending) of the overall blade body. Hariprasad et al. 21 demonstrated that resolving the mechanics of the blade body in addition to the local blade-tip deformation is necessary in order to match experimental trends. Here, we present a short summary of this model.
Structural mechanics of the blade is governed by conservation of momentum:
where q denotes the material density, r s is the solid stress tensor, and u is the displacement vector. The blade is taken to be a linear, neo-Hookean solid for which its constitutive equation can be written as:
where G and k are the material Lamé coefficients and I is the identity tensor. Flow in the gap between the blade tip and the substrate is governed by the Navier-Stokes equation, which after reducing with the Reynolds lubrication approximation, can be written as 22 :
Here, h is the variable gap height between the printing plate and the wetted surface of the blade as depicted in Fig. 2a , r II I À nn is the surface gradient operator, n is the unit vector normal to the blade, p is the liquid pressure, l is the liquid viscosity, V w is the wiping speed, and t is a unit vector tangent to the plate. Note that we define gap height h to be normal to the blade surface, i.e., in the direction of n as opposed to normal to the plate. The use of lubrication theory is appropriate and necessary in order to take advantage of the disparate length scales of the thin liquid domain, with typical gap heights less than 100 nm, relative to the wetted length of the blade tip, which is approximately 50 lm. Blade deformation and liquid flow are coupled through fluid-structure interaction (FSI) in which fluid and solid tractions balance at the wetted tip surface:
Here, r f ¼ Ip is stress exerted by the liquid and r s is stress exerted by the blade. Here, we neglected liquid shear stresses, since it is estimated to be on the order of 1 MPa, which is negligible compared to the Lamé coefficients of the carbon steel blade. In addition, shear stress has a negligible effect on moment balance, as its generated torque is in the order 1 kPa Á m which is also much smaller than that of the lubrication pressures, 100 kPa Á m. Blade deformation u also leads to change of gap height h:
where h 0 is the undeformed gap height profile between the plate and the blade. The boundary condition on the blade body, equation (1), is a downward loading force per unit area F applied at the top (see Fig. 2a ) with no lateral movements allowed, i.e., u x ¼ u y ¼ 0. This condition is consistent with the experimental setup. 17 As for the flow boundary conditions on the Reynolds equation, equation (3), we assume the liquid pressure at the inflow and outflow of the lubrication gap is atmospheric, ignoring any potential free surface effects:
where W is the width of the blade and p 0 is the atmospheric pressure.
The system of equations outlined above is solved using Goma 6.0, 23 a multiphysics, finite element software program, for the unknowns liquid pressure p and displacement field u. As shown in Fig. 2b , the model consists of a three-dimensional deforming structure with a two-dimensional lubrication model implemented in shell-elements over the blade-tip surface. 22 Hariprasad et al. 21 only considered two-dimensional displacements in blade motion and did not allow liquid to flow out the lateral edges, thereby restricting the model into a two-dimensional deforming structure and one-dimensional lubrication flow. The finite element mesh used in the model is deliberately refined at the wetted region of the blade due to the multiscale deformations experienced by the blade. In the wetted region, the deformation of the blade ranges from 1 to 10 nm due to the sub-micron lubrication film thickness produced, and it requires a grid size of the same order. Away from the wetted region, such nanometer resolution is not required and a coarser mesh was determined to be sufficient.
Residual film thickness is calculated based on the flow rate at the blade exit. The flow is characterized by a combination of Couette and Poiseuille (pressuredriven) velocity profiles which relaxes to a uniform, plug flow profile at a distance sufficiently far from the blade. Owing to mass conservation, the volumetric flow rate of the liquid of the fully-developed film must match the flow rate at the blade exit, which leads to the simple expression:
Here, Q is the volumetric flow rate per unit width at the blade exit and d is the residual film thickness. With this relation, we can determine d solely by measuring the flow rate at x ¼ W=2, and we need not include the flow transition region in our analysis when determining the residual film thickness.
The physical parameters used in the simulations are taken from those used in Kitsomboonloha and Subramanian's experiments. 17 They used a blade which has a thick body followed by a thinner tip region in which the wiping occurs (see Fig. 3b ). In this work, we only consider the tip region. The length of this section is 1300 lm, angled 70 relative to the wiping direction, and the width is W ¼ 50 lm. The Lamé coefficients are taken to be those of carbon steel with G ¼ 77 GPa and k ¼ 120 GPa. As for the liquid properties, they established that the doctoring process lie in a lubrication regime known as piezoviscous-elastic in which liquid viscosity rises with the pressure developed in thin gap. 24 Hence, we account for the pressure dependence of viscosity with a functional form proposed by Barus 25 : as determined in the experiment. 17 Our model does not account for shear-dependence of viscosity; an assumption that is applicable to the model ink system used in the experiment as its viscosity was shown constant at shear rate above 10 4 s À1 . In this work, we studied the effect of blade-tip shape on residual film thickness and minimum gap height. Residual film thickness dictates the print resolution, viz. thinner films enable the printing of smaller features. Minimum gap height indicates the likelihood of blade wear, and the smaller the minimum gap is, the more likely solid-solid contact will result in blade wear. Our work expands on study performed by Hariprasad et al., 21 which has been validated against experimental data reported by Kitsomboonloha and Subramanian. 17 Specifically, we consider beveled shapes consisting of parabolic arcs connected to linear segments shown in Fig. 3a , which more closely resembles what was used in the experiment (Fig. 3b) . The bevels are characterized by the associated bevel angle with six values considered: h bev ¼ 0 ; 1 ; 2 ; 5 ; 10 ; and 20 . The predicted thickness and minimum gap height together with operating parameters are reported as dimensionless quantities. The characteristic length scale is chosen to be blade width W; the characteristic force per unit area or pressure is the blade's Lamé first coefficient G; and the characteristic velocity is a combination of blade's length, its Lamé first coefficient, and the ink's reference viscosity WG=l 0 . This velocity scale was chosen to be the same one used in the experiment. It measures the relative importance between liquid's viscous force and blade's elastic response akin to the elasticity number parameter used by Pranckh and Scriven. We predicted the effect of bevel angles at three wiping speeds: V w ¼ 0:1; 0:5, and 1.2 m/s, or in dimensionless form U Ã V w l 0 =WG ¼ 3:90 Â 10 À8 ; 1:95Â 10 À7 , and 4:59 Â 10 À7 , and two configurations: forward and reverse wiping as depicted in Fig. 4 ; the reverse wiping configuration is denoted with a negative U Ã value. Both forward and reverse configurations are commonly used in printing industry. In addition, we also studied the effect of blade-tip shape with varying applied force per unit area where three values considered: 1.4, 2.8, and 5.6 MPa, or in dimensionless form Results and discussion Figure 5a shows predicted residual film thicknesses d Ã at varying bevel angles and wiping speeds with an applied force per unit area of F Ã ¼ 3:64 Â 10 À5 in a forward wiping configuration. Two main trends are predicted. The first trend is that for all bevel angles, a slower wiping speed results in a thinner residual film. This trend, which has been previously reported by Kitsomboonloha and Subramanian 17 and Hariprasad et al., 21 is a direct result of elastohydrodynamic lubrication. 19 The second trend is for all wiping speed studied, blades with nonzero bevel angles result in significantly thinner residual film d Ã than the one with zero bevel angle due to the generated lubrication Fig. 6a , which causes the corresponding blade-tip deflection as shown in Fig. 6b . Zero bevel-angle blade shape has only a converging section which leads to favorable pressure gradient at the outlet, hence thicker film, while the nonzero-bevel-angle blade has a converging followed by a diverging section downstream which results in an adverse pressure gradient at the outlet and hence thinner residual film. The minimum thicknesses lie between 0 and 5 and they correspond to states in which the blade tip is closest to the plate (see Fig. 6c ). The tip position is governed by the balance between the loading force applied on top of blade and the resultant lubrication pressure underneath.
The switch of the lubrication pressure profile from converging blade shape to converging-diverging ones also affects the ratio d=h min as shown in Fig. 5b . The positive peak pressure underneath zero-bevel-angle shape, shown in Fig. 6a , results in blade surface being pushed away from the plate, as shown in Fig. 6c , and reduces the likelihood of blade wear. In contrast, nonzero-bevel-angle shape results in both a pressure peak and a negative valley that pulls a portion of blade surface closer to the plate, hence increasing the likelihood of blade wear. The resulting blade translation is also accompanied with tip deflection shown in Fig. 6b . The sign of the deflection is based on the dot product between the tip's normal vector and its deformation field, i.e., n Á u. Here, the values are all negative, even in the pressure valley region, indicating that the tip is indented throughout the wetted surface. The deflection values are in the order of 10 À4 W, which is two or three orders of magnitude smaller than the lubrication gap values, which range from 10 À2 to 10 À1 W. This suggests that the lubrication gap profile dictates final film thickness more so than the elastohydrodynamic interaction, viz. changing blade mounting angle which in turn changes lubrication gap profile might produce the same effect. Figure 7a shows predicted residual film thicknesses with d Ã at varying bevel angles and wiping speeds in a reverse wiping configuration, as indicated by negative sign of speed values, with an applied force per unit area F Ã ¼ 3:64 Â 10 À5 . Just as in the forward wiping configuration, a slower print speed results in a thinner residual film across all bevel angles. However, the trend of d Ã with respect to bevel angles is reversed: a zero bevel angle produces the thinnest residual film, followed by nonzero bevel angles. This reversal is caused by a switch of blade shape geometry with respect to wiping direction, i.e., from converging to diverging in the case of zero-bevelangle shape, that alters pressure field underneath as shown in Fig. 8a and the corresponding blade-tip deflection in Fig. 8b . The effect of that change is also manifested in the steady-state lubrication gap between the blade tip and printing plate shown in Fig. 8c with zero-bevel-angle tip being closest to the plate but still with negative values of blade-tip deflection. Figure 7b shows the predicted ratios d=h min in the reverse wiping configuration. The trend is similar to the forward case, in which bevel angle of 0 is the least likely to suffer blade wear. When combining the model predictions of d and d=h min , the optimal tip shape for the reverse wiping configuration is a bevel angle of 0 . This tip shape and blade angle leads to the lowest likelihood of wearing and produces d Ã that either the minimal value or fairly close. , are not as sensitive due to higher lubrication pressures (see Fig. 6a ).
On the other hand, the ratios d=h min are relatively insensitive to the change of applied forces, as shown in Fig. 9b . Consequently, thinner residual film can be achieved by raising applied force within the specified range without increasing likelihood of blade wear. The effect, however, is not as pronounced as changing blade shape.
Conclusions
In summary, a computational model was used to explore the effect of blade-tip shape on the doctoring process in gravure printing. Small alterations in the blade shape were found to alter significantly the residual film thickness, and in all cases studied, a slower wiping speed is shown to decrease that thickness. In some cases, a reversal of the wiping direction resulted in thinner residual films. However, the reverse wiping configuration also shows a greater sensitivity to both wiping speed and blade shape, so greater precision is required when operating in this mode. The model predictions also revealed the likelihood of blade wear is relatively insensitive to wiping speed and applied force for a fixed blade-tip shape, which suggests that if finer residual films are to be achieved while minimizing blade wear, bladetip shape is the most important factor to consider.
This study is only confined to wiping of ink on top of a flat substrate in steady-state operation. The free surface at the blade exit need not be included in the analysis to predict residual film thickness due to equation (7) . In future work, we are going to extend the analysis to wiping on top of the gravure cell, in which the flow is no longer steady and free surface effect, which manifest in pressure fields at blade exit due to capillarity, need to be included.
